In BHK cells infected with pseudorabies virus, there was a substantial increase in the phosphorylation of ribosomal protein S6. This increase occurred between 2 and 4 h after infection and persisted at least until 9 h. We estimated that in mock-infected cells S6 contained, on an average, one phosphate group per protein chain, whereas in infected cells this rose to between four and five phosphate groups per protein chain. A second ribosomal protein, either S16 or S18, was also phosphorylated after infection. No increase in cyclic AMP was found at the time of phosphorylation. We also found an increased phosphorylation of S6 in herpes simplex virus-infected BHK cells.
In BHK cells infected with pseudorabies virus, there was a substantial increase in the phosphorylation of ribosomal protein S6. This increase occurred between 2 and 4 h after infection and persisted at least until 9 h. We estimated that in mock-infected cells S6 contained, on an average, one phosphate group per protein chain, whereas in infected cells this rose to between four and five phosphate groups per protein chain. A second ribosomal protein, either S16 or S18, was also phosphorylated after infection. No increase in cyclic AMP was found at the time of phosphorylation. We also found an increased phosphorylation of S6 in herpes simplex virus-infected BHK cells.
In a wide variety of eucaryotic cells, only 2 of the 70 to 80 ribosomal proteins are phosphorylated in vivo (20) . One of these is a small acidic protein of the 60S ribosomal subunit (22, 39) , the extent of phosphorylation of which is altered only under very abnormal circumstances (24, 25) . In contrast, the extent of phosphorylation of the other phosphoprotein, a basic protein of the 40S ribosomal subunit designated S6, can be increased by a variety of stimuli (see reference 20 for a recent review), including cyclic AMP (5, 10, 30) , inhibitors of protein biosynthesis (9, 11) , and conditions which stimulate cellular growth (18, 26, 35) . The phosphorylated forms of ribosomal protein S6 can be readily identified by two-dimensional gel electrophoresis in the system of Kaltschmidt and Wittmann (14) because they migrate to the anodic side of the parent spot in the first dimension. When present, five discrete increasingly phosphorylated derivatives can be resolved under optimal conditions (8) .
Despite the fact that ribosomal protein S6 is usually more highly phosphorylated on polyribosomes than on monoribosomes (11, 23, 28 ), it has not been possible to detect any quantitative functional difference among ribosomes in which the extent of phosphorylation of S6 is markedly different. One possibility that has not been adequately tested is that the phosphorylation of ribosomal protein S6 affects the relative affinity of ribosomes for different mRNA's. In this respect, it is interesting that increased labeling of ribosomal protein S6 by 32P has been reported in cells infected with vaccinia virus (12, 13) , adenovirus (2, 33) , and mengovirus (31), suggesting a possible role for the phosphorylation in the selective translation of viral, rather than host cell, mRNA's. In none of the above reports, however, was there a clear difference in electrophoretic migration of S6 accompanying the increased radiolabeling. Thus, there is doubt as to whether the increased 32P radioactivity of S6 reflected an increase in its phosphate content or whether it resulted from an increased specific radioactivity of the nucleotide precursor or an increase in the turnover of the phosphoryl groups. In contrast, the results presented here clearly show that infection of BHK cells (baby hamster kidney fibroblasts) with pseudorabies virus or herpes simplex virus causes extensive conversion of ribosomal protein S6 to more highly phosphorylated derivatives.
MATERIALS AND METHODS Cels. BHK-21/C13 ceUs were maintained in monolayer cultures in modified Eagle medium containing 10% calf serum, as previously described (26) , and experiments were performed with cells grown in roller bottles for 3 days, by which time they had just reached confluence.
Virus. Pseudorabies virus was originally derived from a stock preparation (15) and has been plaque purified several times. Virus stocks were prepared from infected BHK monolayer cultures as previously described (4) . Herpes simplex virus type 1 was the F strain, and the original stock was obtained from Y. Becker, Hebrew University, Jerusalem. Infection. The methods used for infection have been described previously (34) Cell fractionation and isolation of ribosomal proteins. Ribosomes were isolated from the cells (26) and dissociated into their subunits (29) (38) . In some cases the gels were sliced longitudinally, dried, and subjected to autoradiography as described previously (29) . In other cases the stained gel spots were cut out of the gel and treated with Protosol (New England Nuclear Corp., Boston, Mass.), and their radioactivity was determined by liquid scintillation spectrometry. For a more detailed analysis of the distribution of radioactivity in ribosomal protein S6, segments of rectangular cross section containing this protein and its derivatives were excised from the gels, scanned densitometrically at a wavelength of 586 nm, using the linear transport accessory to a Gilford 240 spectrophotometer, and then cut into slices with an assembly of razor blades, and the radioactivity in each slice was determined as described above.
In some experiments (data not shown) the protein was subjected to electrophoresis in the presence of sodium dodecyl sulfate, as previously described (22) .
Estimation of stoichiometry of phosphorylation of ribosomal proteins. In each radioactive experiment the specific radioactivity of the cellular ATP was measured as previously described (29) and used to convert to moles of phosphate the 32P radioactivity in the excised gel spots of S6. A correction had to be made to allow for the fact that all of the protein applied to the two-dimensional gels does not enter the gels. This was done by comparing the relative recovery in S6 of 32p per microgram of applied protein with that obtained with gels containing sodium dodecyl sulfate, for which 100% recovery was assumed.
Protein was estimated by the dye-binding method of Bradford (3), using bovine serum albumin as a standard.
ATP and cyclic AMP. ATP (29) and cyclic AMP (26) were determined as described previously. RESULTS Pseudorabies virus. Infection of BHK cells for 5 h with pseudorabies virus had a marked effect on the phosphorylation of the ribosomal proteins of the 40S subunit (Fig. 1) . Not only was the 32p labeling of ribosomal protein S6 markedly increased compared with that in uninfected cells, but most of the stained S6 protein was displaced anodically from the position to which it migrated in uninfected cells at this stage of growth. In addition, a ribosomal protein that was not phosphorylated in uninfected cells, either S16 or S18 (S16/18), became labeled by 32Pi. The alteration in the position of electrophoretic migration of S6 did not occur in mockinfected cells, nor did mock infection cause any labeling of protein S16/18 (Fig. 2) .
The relationship between the phosphorylation of ribosomal protein S6 and the position of its electrophoretic migration is better illustrated in Fig. 3 and 4 , which show the 40S ribosomal proteins of cells infected for 9 h with pseudorabies virus. In this case, the overall extent of phosphorylation was somewhat less than at earlier times ( Fig. 1 and 2) , and an appreciable amount of stained material was in the original position of protein S6 or in anodic positions of less extreme displacement. The majority of the radioactivity coincided with the peak of the most anodic position of protein S6, with little being found at the peak of the most cathodic position (Fig. 4) . Figure 3 also shows, more clearly than do Fig. 1 and 2 , a definite appearance of stained protein at the anodic side of the position to which proteins S16 and S18 migrated in uninfected cells; this was coincident with the blackened area on the autoradiograph.
The changes in phosphorylation of protein S6 in BHK cells infected with pseudorabies virus were clearly of considerable magnitude and involved most of the molecules of S6 on the ribosome. However, the predominance of a single species in Fig. 1 and 2 and the incomplete resolution of the different species in Fig. 4 made it difficult to quantitate the phosphorylation exactly. A comparison with published work in which the various phosphorylated species of ribosomal protein S6 were all present and resolved (9, 36, 37) suggests that the major species of S6 from the virus-infected cells of Fig. 1 and 2 contains four or five phosphoryl groups per molecule of S6. We also estimated the extent of phosphorylation from measurements of the specific radioactivity of the ATP pool (see above), J. VIROL. Distribution of 32P radioactivity between protein S6 and its derivatives. The region corresponding to protein S6 in the gel shown in Fig. 3 was excised. The distribution of the dye stain was monitored by its absorption at 586 nm (A586) and is shown by the solid line. The gel fragment was sliced, and the 32P radioactivity of each slice was measured by scintillation counting. The counts per minute in each slice is indicated by the hatched areas.
although we are aware of the limitations of such an approach (35 It was important to establish the stage of infection at which the increase in phosphorylation of ribosomal protein S6 occurred. Figure 5 shows that it occurred between 2 and 4 h after infection. This compared with a time of between 6 and 7 h postinfection for the first appearance of virus particles in the culture medium.
Although the data presented here are for the 40S ribosomal subunit, we also examined the incorporation of 32P, into the ribosomal proteins of the 60S subunit by both one-dimensional and two-dimensional gel electrophoreses. No new phosphorylation of ribosomal proteins was detected in the 60S subunit, and the extent of phosphorylation of the acidic protein (L-y, in our terminology [22] ) appeared to be unchanged (data not shown).
Herpes simplex virus. We were interested in determining whether infection with the related herpes simplex virus type 1 would cause effects similar to those found with pseudorabies virus. As far as ribosomal protein S6 was concerned, this was indeed the case at 13 h, but I there was no labeling of S16/18 after infection with this virus (Fig. 6) . The results of a more quantitative analysis of cells, the specific radioactivity of the ATP was the changes in ribosomal protein S6 are shown much higher in the mock-infected cells because in Fig. 7 (7) . In that study, only one-dimensional gel electrophoretic analysis was performed, and attention centered on the phosphorylation of a supposed ribosomal protein of the 40S subunit with a molecular weight of 48,000 that was unlabeled in mockinfected cells. This is clearly too large to be a ribosomal protein (38) and must have been a nonribosomal contaminant (perhaps, an initiation factor), explaining its absence from the twodimensional gels of basic ribosomal proteins. They also detected an increase in the labeling of a protein of 36,000 daltons that was also labeled in mock-infected cells. This was most likely ribosomal protein S6, with a molecular weight of 31,000 (38) , as no other labeled band was present on their gel.
The work of Fenwick and Walker (7) is also in accord with our finding that ribosomal protein S16/18 was not phosphorylated in cells infected with herpes simplex virus, although it became phosphorylated in cells infected with pseudorabies virus. The only previous report of the phosphorylation of ribosomal proteins in this region of the gel is for HeLa cells infected with vaccinia virus (12) , in which the protein was identified as S16 (13) . In cells infected with vaccinia virus, ribosomal protein S2 was also phosphorylated, but we did not detect phosphorylation of this protein in the present study.
As explained above, other viruses shown to increase the 32p; labeling of ribosomal protein S6 did not cause the protein to move to a position of extensive phosphorylation upon two-dimensional gel electrophoresis. Nevertheless, the extensive phosphorylation demonstrated here and the disparate nature of the different viruses in which increased labeling of ribosomal protein S6 occurs make it possible that extensive phosphorylation of this protein is a rather general feature of virus infection. Thus, it is possible that a fivefold increase in labeling might reflect a difference of perhaps 0.1 and 0.5 mol of phosphate per ribosome, which would not result in any appreciable change in electrophoretic migration. Moreover, this small amount ofphosphate might be the residue after phosphatase action during isolation of the ribosomes, and extensive phosphorylation could exist in the intact cells. The nature and state of growth of the cells might be important in this respect; for this reason, we shall be interested in examining other viruses that infect BHK cells.
It should be mentioned that a protein kinase has been reported to be present in enveloped virions of herpes simplex virus (27, 32) . The fact that several hours elapse before the phosphorylation of ribosomal protein S6 occurs tends to argue against such a kinase being solely responsible for this phosphorylation, but more defmitive experiments are clearly required. The phosphorylation in pseudorabies virus-infected cells of protein S16/18, which has never been found to be phosphorylated in uninfected cells, suggests the possibility of a virus-specified protein PHOSPHORYLATION OF RIBOSOMAL PROTEINS 365 kinase. One possibility is that the viruses code for S6 protein kinases which in some cases are less specific than the host enzyme and fortuitously phosphorylate protein S16/18. It will be interesting to examine the specificity of protein kinases from pseudorabies virus-infected BHK cells.
In the introduction, we drew attention to a possible function for the phosphorylation of protein S6 in determining the relative affinity of ribosomes for different mRNA's. However, since protein synthesis is rapidly inhibited in cells infected with either herpes simplex virus or pseudorabies virus, the phosphorylation might be seen as a cellular response to the inhibition.
We have already cited reports (9, 11) in which an increase in phosphorylation of protein S6 occurs in the presence of inhibitors of protein synthesis.
